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Abstract
We present the magnetic phase diagram of TbMn1−xFexO3 substitutional solid solution in the whole concentration
range 0 ≤ x ≤ 1 as determined from magnetization and specific heat measurements. We have found that the dominant
magnetic ion in the concentration range 0 ≤ x < 0.3 is manganese, while iron ions do not create independent magnetic
structure, but strongly affect magnetic properties of the parent compound by reducing transition to magnetically
ordered state and transition into a cycloidal phase. The magnetism in the concentration range 0.3 < x ≤ 1 is driven
by the Fe sublattice. The manganese ions again do not order in long range magnetic ordered state, but stabilize four
different magnetic structures of Fe sublattice above 2 K. The magnetic ordering of Tb sublattice was observed only
on parent compounds TbMnO3 and TbFeO3 and for doping level below 0.1, or over 0.9.
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1. Introduction
Rare-earth- (RE) transition-metal (T M) oxides show
a great variety of intriguing phenomena originating
from the coupling between the two spin subsystems [1].
In the case of TbMnO3 this interplay led to magnetic
ordering of Mn sublattice at TN = 41 K into longi-
tudinal spin density wave which propagates along the
a-axis, change the magnetic structure into a cycloidal
phase with a component along the b-axis below TS =
28 K and, finally, the ordering of Tb sublattice below 7
K into non-collinear magnetic structure [2]. Since the
second magnetic phase transition is accompanied with
the spontaneous electric polarization [3], the TbMnO3
is very extensively studied in last decade.
In the aim to understand the basic magnetic and elec-
tric phenomena in TbMnO3 and/or to optimize some
physical properties, many researches have doped ei-
ther RE ions on the Tb site [4], or T M ion on either
Tb, or Mn site [5, 6, 7, 8, 9]. From these trials espe-
cially the Fe3+ non Jahn-Teller ion doping on the Mn3+
∗Corresponding author
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Jahn-Teller ion site looks very interesting. Advantage
of this doping is good solubility which allows synthe-
sis of TbMn1−xFexO3 substitutional solid solution for
the whole concentration range 0 ≤ x ≤ 1. Since Fe3+
has one more unpaired electron in compare with Mn3+
and TbFeO3 orders antiferromagnetically at TN = 681
K [10], this doping can increase differences in magnetic
interaction between the nearest and the next nearest
magnetic ions leading to the enhanced spin frustration
in material. Spin reorientation magnetic phase transi-
tions for concentrations x = 0.5; 0.75 and 1 [10, 11, 12]
was also reported on Fe rich materials. All these facts
together with our previous preliminary work [13] indi-
cate that the magnetic phase diagram of this system is
rather complex. In this paper we present our research
of magnetic and thermal properties revealing the mag-
netic phase diagram of the TbMn1−xFexO3 system in the
whole concentration range 0 ≤ x ≤ 1.
2. Sample preparation and experimental methods
Polycrystalline samples for x = 0; 0.02; 0.04; 0.1;
0.3; 0.5; 0.55; 0.7; 0.95 and 1 were prepared by floating
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Figure 1: The Zero field cooled and field cooled curves
for x = 0.2 and x = 0.4 composition. The data were
measured with applied magnetic field µ0H = XXX T.
zone method in FZ-T-4000 (Crystal Systems Corpora-
tion) mirror furnace. As starting materials we used ox-
ides of MnO2, Tb4O7 (both, purity 3N; supplier: Alpha
Aesar) and Fe2O3 (purity 2N, supplier: Sigma Aldrich).
The starting materials were mixed in a Tb:Mn:Fe sto-
ichiometric ratio as intended for the final compound,
cold pressed into rods and sintered at 1100 ◦C from 12
to 14 hours in air. The growing of the bulk samples was
performed in air atmosphere.
Ceramics for concentrations x = 0.075; 0.2; 0.4 and
0.6 were prepared by urea sol-gel combustion method.
Details of preparation can be found elsewhere [14]. The
quality of grown polycrystals was checked by X-ray
powder diffraction experiment and by the energy disper-
sion X-ray analysis. All samples were confirmed to be
single-phased within the uncertainty of used experimen-
tal methods and with intended chemical composition.
Specific heat was measured by relaxation method on
PPMS (Quantum Design) apparatus on the bulk sam-
ples directly cut from the grown ingot. Magnetization
and AC susceptibility measurements were performed on
powdered samples by MPMS and MPMS3 (both from
Quantum Design) apparatuses in the temperature range
from 2 K to 300 K. Magnetization measurements above
room temperature were performed on PPMS (Quantum
Design) apparatus with installed VSM oven option. For
these experiments bulk samples fixed to the oven holder
by Zircar cement have been used.
3. Results and discussion
Our previous measurements of magnetization, heat
capacity, dielectric permittivity and polar measurements
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Figure 2: The specific heat for low Fe concentrations
showing the peaks associated with TN and TS as well as
the bump at 7 K which is associated with ordering of Tb
sublattice.
on samples x = 0; 0.01; 0.25; 0.04; 0.05 and 0.1 [13, 15]
revealed that the temperature of TN decreases from 41
K for x = 0 to 32.6(6) K for x = 0.1. Also, TS de-
creases from 25 K for x = 0 to 17 K for x = 0.04,
but was not observed already for x = 0.05 [15]. ZFC-
FC curves measured for x = 0.2 (Fig. 1) bifurcate
from each other at 30.3 K. This suggests that there ex-
ist the paramagnetic-to-magnetic ordering phase transi-
tion also for this concentration. We have determined
this transition as min(∂M/∂T ) = 30.5 K. All previously
mentioned anomalies exhibit the same tendency with
iron substitution: decrease in temperature with increas-
ing of iron content. That is why we associate them
with ordering of Mn sublattice. The opened question
remained, what was the concentration evolution of the
ordering of Tb sublattice. Since the magnetization ex-
periment does not trace this transition very well, we
have decided to determine it from specific heat mea-
surements. The specific heat measurements were partly
published in our previous article [15] and the rest of the
data are presented in Fig. 2. Aliouane et al. [2] reported
the ordering of Tb sublattice in TbMnO3 at temperature
7 K. At this temperature range we have observed the
bump on C/T vs. T curves and we assign this feature
to ordering of Tb sublattice. This feature broadens and
smears out with iron doping for x ≤ 0.075, but does not
shift in temperature.
For concentration x = 0.3 we have observed two
anomalies: at 91.4 K and 42 K [13]. These anomalies
do not fit on general trend which was observed for con-
centration range 0 ≤ x ≤ 0.2. These anomalies occur
at too high temperatures to be assigned to ordering of
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Figure 3: The magnetization data measured in applied magnetic field µ0H = 0.01 T for x = 0.5; 0.55; 0.7; 0.95 and 1
and in applied field µ0H = XXX T for x = 0.6. a) detail around the ordering temperatures; b) low temperature detail.
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Figure 4: The AC susceptibility for TbMn0.05Fe0.95O3 and TbFeO3 measured with different driving frequencies. a)
the real part; b) the imaginary part.
Tb, or Mn sublattice. Since the only remaining mag-
netic ion is iron, we assign these anomalies to ordering
of Fe sublattice. Additional proof that the upper critical
temperature is effect of iron sublattice is the magnetiza-
tion measured for concentration x = 0.4 (Fig. 1). For
this concentration we have found critical temperatures
33.4 and 198 K, i.e. paramagnetic to magnetic order-
ing state critical temperature increases with increasing
of iron content.
Temperature dependent magnetization measurements
on TbMn1−xFexO3 for x ≤ 0.5 revealed that the tran-
sition from paramagnetic state to magnetically ordered
state increases with the increasing iron content (Fig.
3a). We define the transition temperature as a mini-
mum of ∂M/∂T , which amounts 300 K; 330 K; 366
K; 494 K, 626 K and 661 K for x = 0.5; 0.55; 0.6;
0.7; 0.95 and 1, respectively. Our results correlate with
already published data on TbMn0.25Fe0.75O3 with the
magnetic ordering transition at 550 K [12]. The steep
decrease of magnetization on cooling, which is con-
nected with order-to-order magnetic phase transition at
300 K, 297 K and 250 K, is typical feature of samples
with x = 0.55; 0.6 and 0.7 (Fig. 33a). A very similar
transition at 180 K was investigated on TbMn0.25Fe0.75
by Kim et al. [12] using Mo¨ssbauer spectroscopy and
was associated with the spin reorientation effect. In the
case of x = 0.5, we have observed at elevated temper-
atures only the paramagnetic-to magnetically ordered
phase transition at 300 K. The single crystal with the
same composition and the ordering temperature at 286
K was previously studied by Nhalil et al. [11]. The dif-
ference in the magnetic phase transition can be proba-
bly attributed to slightly different chemical composition
because the sample preparation was similar ¢ floating
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zone method. Nair et al. [16] performed the neutron
powder diffraction experiment (NPD) also on x = 0.5
sample and the result from their experiment was the
nonzero magnetic contribution to NPD at 295 K and
it was found that the magnetic ordering does not take
place at exact temperature, but in temperature range 280
– 303 K. All these findings suggest that the triple point
of two magnetic phases with the paramagnetic phase
probably exists somewhere in the concentration range
0.5 < x < 0.55.
At low temperatures, we have observed the steep in-
crease of magnetization, in magnetically ordered state
for x = 0.5 and x = 0.7 at 27.4 K and 10.9 K; a peak for
x = 0.55 and 0.6 at 23.5 K and 18.5 K and two distinct
anomalies at 8.3 K and 2.8 K for TbFeO3 (Fig. 3b). The
last two anomalies coincide with the anomalies already
observed [13, 17] and were explained as Fe spin reori-
entation at 8.4 K and ordering of Tb sublattice at 3.1
K [17]. The anomaly for x = 0.5 was also studied by
NPD and it was found that it is order-to-order magnetic
phase transition of Mn/Fe (Mn) sublattice at T Fe/Mn(Mn)S R
= 26 K [16]. Depending on ZFC or FC regime the
transition can be accompanied by steep decrease or in-
crease of magnetization [13, 16] and by narrow peak in
heat capacity [16]. Our measurements indicated that the
peak in heat capacity is washed out by magnetic field
(see Supplementary data), which emphasize the mag-
netic character of this phase transition. In the case of x =
0.95 we have observed no distinct anomalies in magnet-
ically ordered state neither by magnetization measure-
ments (Fig. 3b) nor by AC susceptibility (Fig. 4). Also,
Kim et al. [12] observed no phase transitions for x =
0.75 for T < 100 K. This points out that there exist at
least four different magnetic phases at low temperatures
in the concentration range 0.5 < x ≤ 1.
The AC susceptibility measured for TbFeO3 confirms
two anomalies in both, χ′AC and χ′′AC, at 3.2 and 8.3 K
(Fig. 4). These anomalies are frequency-independent
up to driving frequencies of 1 kHz and coincide very
well with anomalies observed in DC magnetization. We
have observed additional bump in both, real and imagi-
nary part around 4 K. This bump shifts to higher temper-
atures and smears out with increasing frequency. This
points out that the magnetic phase in temperature range
3.2 K < T < 8.3 K is not a static one, but has some in-
ternal dynamics. Such a dynamic may point out either
to the co-existence of several different magnetic phases,
or to the displacement of the domain walls in this tem-
perature range.
All previous findings allowed us to construct the mag-
netic phase diagram as presented in Fig. 5. We have
found two different magnetic phases for Mn sublattices.
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Figure 5: The magnetic phase diagram. The full sym-
bols are data presented in this paper; the opened sym-
bols are data from literature [2, 12, 11, 16, 17].
The ordering temperature for these phases decreases
with increasing of Fe concentration. MnCYC phase (cy-
cloidal magnetic structure, connected with ferroelectric
effect [2, 3]) vanishes at concentrations lower than x
= 0.05, while MnS DW phase (spin density wave phase
[2]) persist up to concentration x ∼ 0.3. At concen-
tration around x = 0.3 we have observed the onset of
the ordering of Fe ions into antiferromagnetic FeAF3
phase (GxAyFz configuration of Fe spins [11]) at low
temperatures, which coexist with MnSDW phase at this
concentration and simultaneously the formation of anti-
ferromagnetic FeAF2 (AxGyCz configuration of Fe spins
[11]) phase at higher temperatures. The further increas-
ing of Fe concentration results to decrease of order-
ing temperature of FeAF3 phase and simultaneous in-
crease of paramagnetic-to-FeAF2 phase transition. Ad-
ditional change was observed at concentration around x
= 0.5. At this concentration the ordering temperature
to FeAF2 phase starts to decrease rapidly with iron con-
tent increasing, but additional different antiferromag-
netic phase ¢ FeAF1 phase (GxAyFz type [17]) forms
at paramagnetic-to-magnetic ordering phase transition.
This phase is stable up to x = 1. For parent com-
pound TbFeO3 we have observed also the antiferromag-
netic FeAF4 phase (FxCyGz type [17]) at temperatures
below 8.2 K. This phase is however unstable and al-
ready 5 % doping of Mn ions into TbFeO3 destabilizes
it. Regarding the magnetic ordering of Tb sublattice, we
have found the sings of ordering for parent compounds
TbMnO3 and TbFeO3. Already the small substitution
of Mn for Fe on iron rich side destroys the magnetic or-
dering of Tb ions and this ordering does not exist for
4
concentrations x > 0.075 on manganese rich side.
4. Conclusions
Our results have shown that the dominant magnetic
ion, which is responsible for the magnetic ordering in
the concentration range 0 ≤ x < 0.3 is Mn3+, while iron
ions do not create independent magnetic structure. The
only effect of iron ions is the weakening of the Mn–O–
Mn superexchange interaction by replacing some Mn3+
ions with Fe3+ ions. This leads to decreasing of the crit-
ical temperatures for both, MnCYC and MnSDW phase.
On the other hand, the magnetism in the concentration
range 0.3 < x ≤ 1 is driven by the Fe3+ ions and
we have found four different magnetic phases, but only
three different magnetic structures. Pure TbFeO3 un-
dergoes spin reorientation order-to-order magnetic tran-
sition and thence there exist at least two different mag-
netic structures with very similar total energies in this
compound. Four magnetic phases can be explained by
decreasing of total energy of some magnetic structure
caused by manganese ion. That is why we conclude that
the manganese ions are responsible for stabilization of
four magnetic phases of Fe sublattice in TbMn1−xFexO3
compound.
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